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ARTICLE INFO ABSTRACT

Handling Editor: Jin-Kuk Kim Coastal regions have abundant off-shore wind energy resources, and surrounding areas have large-scale liquefied
natural gas (LNG) receiving stations. From the engineering perspectives, there are limitations in unstable off-

Keywords: shore wind energy and fluctuating LNG loads. This article offers a new energy scheme to combine these 2 en-

Liquefied natural gas (LNG) cold energy ergy units, which uses surplus wind energy to produce hydrogen, and use LNG cold energy to liquefy and store

Off-shore wind energy

Liquid air energy storage (LAES)
Liquid hydrogen production
Techno-economic analysis

hydrogen. In addition, in order to improve the efficiency of utilizing LNG cold energy, and reduce electricity
consumption for liquid hydrogen (LHy) production at coastal regions, this article introduces the liquid air energy
storage (LAES) technology as the intermediate stage, which can stably store the cold energy from LNG gasifi-
cation. A new scheme for LNG-LAES-LH, hybrid LH; production is built. The case study is based on a real LNG
receiving station at Hainan province, China, and this article presents the design of hydrogen production/
liquefaction process, and carries out the optimizations at key nodes, and proves the feasibility using specific
energy consumption and exergy analysis. In a 100 MW system, the liquid air storage round-trip efficiency is
71.0% and the specific energy consumption is 0.189 kWh/kg, and the liquid hydrogen specific energy con-
sumption is 7.87 kWh/kg and the exergy efficiency is 46.44%. Meanwhile, the corresponding techno-economic
model is built, and for a LNG-LAES-LH, system with LH, daily production 140.4 tons, the shortest dynamic
payback period is 9.56 years. Overall, this novel hybrid energy scheme can produce green hydrogen using a more
efficient and economical method, and also can make full use of surplus off-shore wind energy and coastal LNG
cold energy.

mainly stored in LNG terminals in coastal areas. Most LNG needs to be
vaporized through pipelines to users. During the re-gasification process,
the cold energy released from per unit mass of LNG is about 830 kJ/kg
(Li et al., 2021). In general, LNG cold energy can be used for power
As a clean fossil energy, natural gas has advantages of high com- generation (Ghorbani et al., 2023), dry ice production (Sung and Kim,

bustion efficiency, less greenhouse gas emissions, and convenient 2017), desalination of sea water (Ghasemi et al., 2018), food processing
transportation (Khan, 2018). The liquefied natural gas (LNG), generally (Cerceau et al., 2014), etc

has a temperature of 111 K (Kochunni and Chowdhury, 2020), and the
volume of LNG with the same mass is only 1/625 of gaseous natural gas
(Chen et al., 2021), which has much higher energy density and lower
transportation cost during the process of trans-ocean and long-distance
transportation (Peng et al., 2021).

In China, about 63.44 million tons of LNG were imported in 2022
(General Administration of Customs, People’s Republic of China, 2023),

1. Introduction

Sun et al. studied three different organic Rankine cycle configura-
tions using LNG cold energy and 8 different potential fluids to increase
the exergy efficiency of the system (up to 17.36%) (Sun et al., 2018). Xue
et al. proposed a two-stage organic Rankine cycle where exergy effi-
ciency reached 31.02% by using low-grade heat from smoke exhaust and
low temperature energy of LNG (Xue et al., 2015). Xia et al. studied and
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Nomenclature

ACS Air Compression System
ALP Air Liquefaction Process
ALS Air Liquefaction System

ARS Air Re-gasification System
EXE Exergy Efficiency

GH2 Gaseous Hydrogen

GHT Gaseous Hydrogen Tank

HCS Hydrogen Compression System

HLP Hydrogen Liquefaction Process
HLS Hydrogen Liquefaction System
HPS Hydrogen Pre-cooling System
LA Liquid Air

LAES Liquid Air Energy Storage

LAP Low-temperature Air Pump
LAT Liquid Air Tank
LH, Liquid Hydrogen

LHT Liquid Hydrogen Tank
LNG Liquefied Natural Gas

NG Natural Gas

NPV Net Present Value

PE Peak Electricity

PEMEC Proton Exchange Membrane Electrolysis Cell
RTE Round-trip Efficiency

SEC Specific Energy Consumption

TCI Total Capital Investment

VE Valley Electricity

WS Whole System

optimized the solar trans-critical CO, power cycle that used LNG cold
energy to recover reverse osmosis (RO) desalination process (Xia et al.,
2014), and the exergy efficiency of RO desalination process was 4.9%.
Zhang et al. designed a stepped cold energy system, including air sep-
aration, dry ice making, horizontal two-stage Rankine cycle power
generation, seawater desalination, Marine refrigeration, air condition-
ing and ice making (Zhang et al., 2019), and the exergy efficiency of the
optimized system reached 29.57%. However, in these conventional cold
energy systems, high-grade cold energy is normally used in
high-temperature scenarios, so their exergy efficiencies are relatively
low due to the temperature gradient.

In addition to LNG terminals, coastal areas are also rich in clean
energy, such as wind, tidal and wave energy. Taking offshore wind
power as an example, in 2022, China’s installed capacity of offshore
wind power has reached 30.89 GW (National Energy Administration,
2023). Due to the instability and volatility of wind power, if surplus
wind power is not properly utilized, it will lead to wind curation, where
a large amount of clean energy can be wasted (Yu et al., 2022). If the
surplus wind power is used for electrolytic hydrogen production, the
surplus wind power can be converted into stable hydrogen for energy
storage (Chen et al., 2023). In order to improve the energy storage
density of hydrogen, high-pressure gas tanks are usually used. If using a
700 bar pressure, the hydrogen energy storage density can reach 5.6
MJ/L. However, if the operation pressure of hydrogen storage is large,
there could be some risks (e.g., leakage). In order to further improve the
energy storage density and reduce the storage pressure,
low-temperature liquid hydrogen storage technology scheme can be
used, and its energy storage density can reach 10.1 MJ/L, which can be
stored in the atmospheric pressure environment (Ratnakar et al., 2021).
However, the hydrogen liquefaction process requires a large amount of
electricity consumption (12-15 kWh/kg), and it is urgent to optimize
the whole process, and improve the energy efficiency of the entire sys-
tem (Riaz et al., 2022).

At present, one of the solutions is to introduce a mixed refrigerant
configured with a variety of substance ratios, combined with some
improved pre-cooling cycle methods, which can improve the system
efficiency to a certain extent and reduce the specific energy consumption
of liquid hydrogen preparation. For instances, the Linde-Hampson cycle,
Joule-Brayton refrigeration cycle and water-ammonia absorption
refrigeration cycle have been used. The specific energy consumption of
liquid hydrogen preparation was reduced to 7.69 kWh/kg (Asadnia and
Mehrpooya, 2017), 9.703kWh/kg (Bi and Ju, 2022), 7.405 kWh/kg
(Jouybari et al., 2022), and accordingly, their exergy efficiencies were
39.5%, 39.1%, 23.59%.

However, increasing the mixed refrigerant will increase the system
investment cost, as well as daily operation and maintenance costs (Yin
and Ju, 2020). In addition, exergy loss will surely occur after going

through compressors and heat exchanger equipments, and too much
pre-cooling cycle will use more equipments, leading to more exergy loss.
Generally, the exergy efficiency of pre-cooling hydrogen is generally
lower than 40%.

In order to reduce the complexity of precooling cycle, decrease the
specific energy consumption of liquid hydrogen preparation, and in-
crease the exergy efficiency, some scholars have proposed to use low-
temperature liquid medium for precooling hydrogen. The LNG cold
energy was introduced to pre-cool hydrogen, and the specific energy
consumption was reduced to 6.60 kWh/kg (Bian et al., 2021), 7.64
kWh/kg (Riaz et al., 2021a,b), 8.85 kWh/kg (Faramarzi et al., 2021),
and their exergy efficiency rose to 47.0%, 42.25%, 47%. For those sys-
tems introduced lower temperature liquid nitrogen or air liquefied cold
energy to precool hydrogen, the specific energy consumption further
reduced to 7.041 kWh/kg (Bi et al., 2022), 5.955 kWh/kg (Taghavi
et al., 2021), 7.948 kWh/kg (Bi and Ju, 2022) and 7.25 kWh/kg (Yang
et al., 2023), and accordingly, their efficiencies of the system increased
to 54.13%, 52.9%, 57.17% and 53.2%.

Existing literatures present that if the cold energy of low temperature
medium is used, the exergy efficiency of the system can be improved
effectively. If liquefied natural gas is used, the exergy efficiency can be
40%-50%. If liquid air and liquid nitrogen are both used, the exergy
efficiency can be further increased to 50%-60%. However, the high cost
of liquid nitrogen and liquid air, e.g., $7.62/kg, is not practical from an
economic point of view (Ansarinasab et al., 2023; Xie et al., 2019).
Meanwhile, most previous studies directly used liquid nitrogen and
liquid air as the energy input of the system, while the exergy loss caused
by the production and preparation of liquid air or liquid nitrogen have
not been systematically considered (Bi et al., 2022; Bi et al., 2022).

According to literature review and practical engineering investiga-
tion, the LNG gasification capacity of LNG receiving stations in coastal
areas changes with the change of natural gas load, and the cold energy
generated by gasification also changes and fluctuates. Meanwhile, the
hydrogen production capacity of offshore wind power also fluctuates
with the change of real-time wind speed and grid-connected capacity.
Some literatures have studied the use of LNG cold energy to assist liquid
hydrogen (LHj) liquefaction process, which can improve the energy
efficiency of the whole system to a certain extent.

Using electrolytic hydrogen production and then using LNG cold
energy to liquefy hydrogen has 2 problems:

(1) The process to balance the real-time fluctuation of LNG gasifi-
cation cold energy output and the cold energy power demand
when producing liquid hydrogen using offshore wind power, can
cause the imbalance between cold energy supply and demand, as
well as low energy efficiency.



X. Chen et al.

(2) If all the hydrogen is produced by valley electricity, the system
operating cost can be reduced, but the capacity of electrolytic
cells needs to be large and thus the initial investment will be high.
If a part of the hydrogen is produced by peak electricity, the ca-
pacity of electrolytic cells can be smaller and the initial invest-
ment will be reduced, but the system operating cost will be
higher.

In order to improve the utilization rate of vaporizing cold energy
from LNG receiving stations in coastal areas, and reduce the energy
consumption of LH; produced by offshore wind power, this paper in-
troduces liquid air energy storage (LAES) as an intermediate energy
storage link, converts the unstable cold energy during the LNG gasifi-
cation process into stable cryogenic liquid storage, and build the LNG-
LAES-LH;, hybrid liquid hydrogen scheme. The economic analysis is
conducted based on 3 modes of electrolytic hydrogen production, and
then the optimal capacity of electrolytic cells is selected to realize the
best economic benefits.

Taking an LNG receiving station in Yangpu Economic Development
Zone in Danzhou City, Hainan Province, China as a research case, the
advantages of the new system have been verified from the perspectives
of specific energy consumption and exergy efficiency through the sys-
tematic LNG process design, along with the optimization of key pa-
rameters. At the same time, this paper also completed the technology-
economic modeling evaluation and economic benefit prediction,
which can provide a technical solution with high energy efficiency and
good economic benefit for the development of large-scale offshore wind
power hydrogen production, and coastal LNG integrated system in the
future. The technical advantages and main contributions of this novel
technology are as follows:

(1) Liquid air energy storage can properly convert the unstable cold
energy in the LNG gasification process into stable cryogenic
liquid storage, avoiding the waste of cold energy in LNG
gasification.

(2) Liquid air can provide stable cold energy for pre-cooling in the
hydrogen liquefaction process. Liquid air can also generate
electricity to supply hydrogen liquefaction equipment by the
direct expansion power. The two processes above can greatly
reduce the specific energy consumption of hydrogen liquefaction
process.

(3) LNG cold energy is used to pre-cool air, and liquid air cold energy
is used to pre-cool hydrogen. As the temperature difference be-
tween the cold source and the pre-cooled material becomes
minor, the exergy loss is relatively small.

(4) The use of the cold energy of LNG can reduce the power con-
sumption of the air and hydrogen liquefaction processes, and
meanwhile, it can reduce the complexity of the system. Fewer
liquefaction process devices can reduce exergy loss and also bring
economic benefits.

2. Novel scheme: offshore wind power for hydrogen production
and LNG cold energy for hydrogen liquefaction

The LNG receiving station in the Yangpu Economic Development
Zone, Danzhou City, Hainan Province, China, receives about 3 million
tons of LNG per year (National Energy Administration, 2012). Due to the
instability of the gas load, the cold energy of LNG is difficult to be
directly recycled (The People’s Government of Hainan Province, 2015),
and it is urgent for an energy storage device to utilize the cold energy
properly.

During the “14th Five-Year Plan” period, the scale of offshore wind
power projects in Hainan Province will be 12.3 GW, which is expected to
be completed by 2025 (Central Government of the People’s Republic of
China, 2022). Because of the instability of wind power, it is difficult to
get a reasonable absorption, and electrolytic hydrogen production is one
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of the effective ways to absorb surplus wind power. Due to the low en-
ergy density of hydrogen and the risks of high-pressure transportation,
Liquid hydrogen can increase the energy storage density, but also reduce
the risk of the transportation. However, the huge energy consumption
from the liquefaction process has been restricting the development of
liquid hydrogen.

Based on the study (National Energy Communications Newsrooms,
2022), the locations of LNG receiving stations and some offshore wind
power are shown in Fig. 1. 4.2 GW offshore wind power will be built
near Danzhou City and Lingao City. The LNG receiving station is located
in Yangpu Economic Development Zone of Danzhou City, and the
offshore wind power and LNG receiving station is very close. Therefore,
this paper proposes to use surplus wind power to produce hydrogen, and
use LNG cold energy and surplus wind power to liquefy gaseous
hydrogen. The entire configuration is shown in Fig. 2.

(1) LNG cold energy is used to pre-cool the liquid air, and then the
surplus electricity from offshore wind power is used to liquefy the
air, and tanks are used to store liquid air.

(2) Surplus wind power from sea is used to produce hydrogen by
electrolysis, and tanks are used to store hydrogen.

(3) In the period of low electricity consumption, the liquid air cold
energy is used to pre-cool hydrogen, and the high-pressure air
after heat exchange pass through the expansion machine to
generate electricity, and the generated electricity is used for the
hydrogen liquefaction.

3. The proposed LNG-LAES-LHES system
3.1. System description

Fig. 3 shows the flow chart of the system, which is composed of 6
subsystems, namely, air compression system, air liquefaction system, air
re-gasification system, hydrogen precooling system, hydrogen
compression system and hydrogen liquefaction system. The specific
liquefaction process is as follows:

(1) The air compression system is heavy (ACS). The air at room
temperature atmospheric pressure is fed into the node A1, and the
air is pressurized by the two-stage air compressor (AC1, AC2).
The air compression process results in the increase of tempera-
ture. The air is cooled by condenser 1 and condenser 2, and high-
pressure, room temperature air is obtained at node A5.

(2) In the air liquefaction system (ALS), the high-pressure room
temperature air (node A5) is pre-cooled in the cold box by the
cold energy of LNG gasification, and the low temperature air has
not been completely liquefied in the previous liquefaction pro-
cess. After the pre-cooling, the temperature of the high-pressure
air is reduced to 112.45 K, and finally goes through the pres-
sure reduction control valve TV-1. The high-pressure air reduces
its pressure to normal, and its temperature also further reduces.
Then, the air is liquefied, and stored in the liquid air tank. A part
of the cold air that has not been completely liquefied will be
further fed back to a new round of air liquefaction, in order to
make full use of cold energy and improve the system energy
efficiency.

(3) The liquid air re-gasification system (ARS) is set to mainly
operate at night. After the liquid air is pressurized by a low-
temperature air pump (LAP), it is further heated by a heat
exchanger (HE-1) with the refrigerant in the hydrogen pre-
cooling system (HPS), and the heated air is used to generate
electricity by a two-stage air turbine (AT1, AT2). As the expanded
air temperature is reduced, a two-stage heater (heaterl, heater2)
is used to further heat the lower temperature air, which can in-
crease the power generation capacity of the air turbine.
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Fig. 1. Geographical locations of offshore wind power and LNG receiving stations.

L} ) )
I ) Surplus | | Surplus Clean
— I power power ower
| v m v p
[ 11 : o GH:
1 / Hydrogen
! GHT ——— > liquefaction ==
L process <-- Green
—— e : 77777 hydrogen
- | A . Compensated
Offshore wind farm 1 : ! power |
| Cold |1 1| Heat 1
| i ; |
1
v ]

Air liquefaction
== process
Air

Hi

Cold|! i| Heat

W

air
Heat exchanger

LNG receiving station

Heat exchanger

Natural
gas

Fig. 2. Novel configuration: using surplus offshore wind power to produce hydrogen, and meanwhile using LNG cold energy to liquify hydrogen.

(4) In the hydrogen pre-cooling system (HPS), the three-stage
hydrogen compressor (HC1, HC2, HC3) is used to pressurize the
refrigerant at room temperature, and the refrigerant temperature
is reduced by cooler 3 and cooler 4, which can reduce the power
consumption of hydrogen compressor 2 and hydrogen
compressor 3. The cooler 5 can cool the high-temperature

refrigerant to room temperature, and then exchange heat with
the liquid air through the heat exchanger HE-1, and the tem-
perature is reduced to 86.95 K. Hydrogen turbine (HT) can be
used to generate electricity. This electrical power together with
the output of AT1 and AT2 compensate the power demand of
hydrogen liquefaction, and thus reduce the total power
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Fig. 3. Schematic diagram of the proposed LNG-LAES-LH; system.

consumption. At the same time, the hydrogen turbine can further
reduce the refrigerant temperature to 27.75 K, and then feed it
into the heat exchanger HE-2. Therefore, the cold energy of the
pre-cooling system can be used in the hydrogen liquefaction
system (HLS).
(5) The hydrogen compression system (HCS) is mainly composed of
the three-stage hydrogen compressors (HC4, HC5, HC6). The
hydrogen generated by electrolysis passes into node H1, and the
unliquefied hydrogen joins together through a confluence, and
then through a three-stage hydrogen compressor and a
condenser. Therefore, the room temperature atmospheric pres-
sure air is converted into high-pressure room temperature air.
In the hydrogen liquefaction system (HLS), a part of the high-
pressure room-temperature hydrogen passes through the heat
exchanger HE-2 to absorb the cold energy. The other part of the
hydrogen uses the cold energy of unliquefied hydrogen in the
heat exchanger HE-3 for pre-cooling. After the pre-cooled high-
pressure low-temperature hydrogen passing through the conflu-
ence, the cold energy of the unliquefied hydrogen exchanges in
HE-4, and goes through the control valve TV-2. Finally, the high-
pressure low-temperature hydrogen is converted into normal
pressure liquid hydrogen, and is stored into liquid hydrogen tank.

(6

[

3.2. Analysis tools and system assumptions

The LNG and air compositions are shown in Table 1. Table 2 shows
the default operating parameters and basic settings for the LNG-LAES-
LH, system. In addition to LNG and air, hydrogen was selected from
Aspen HSHSH and the classical Peng-Robinson equation was used for
substances. The following assumptions were made for the LNG-LAES-
LH; system:

Table 1
Compositions of LNG and air (Peng et al., 2019; Zhang et al., 2018).

Component Mole fractions
LNG Methane 91%
Ethane 5%
Propane 2.5%
i-Butane 1%
i-Pentane 0.1%
Nitrogen 0.4%
Air Nitrogen 78.12%
Oxygen 20.96%
Argon 0.92%

e There were no heat losses in pipelines and components.

e The pinch points temperature differences of the cold box and the heat
exchanger were 5 K and 2 K, respectively (Liu et al., 2020; Yue et al.,
2023).

e Only the pressure changes caused by compressors, expanders and
control valves were considered, and the pressure losses from pipe-
lines and other components were ignored.

e There were 12 h in both the peak and off-peak time.

e The isentropic efficiency of the compressor and turbine was 85%
(Xin et al., 2022; Batlle et al., 2021).

o The system was in steady state.

e There was no leakage of medium (Peng et al., 2019).

3.3. Simulation result

Table 3 and Table 4 show the data of each node of the system. In the
heat transfer process of the cold box, the cold energy provided by
unliquefied low-temperature air accounts for about 21.6% of the total
cold energy. The cold exergy of low-temperature air is higher than that
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Table 2 Table 4
Basic parameters of the LNG-LAES-LH, system. Thermodynamic parameters of LH, process.
Parameters Values Stream m (kg/s) P (MPa) T (K) h (kJ/kg)  s(kJ/kg-K) e (kJ/kg)
Ambient pressure 101.3 kPa M1 4.72 0.1 298.15 —0.053 61.07 —-16.19
Ambient temperature 298.15 K M2 4.72 0.4 472.15 2473 61.88 2216
Peak hours 12h M3 4.72 0.4 298.15 —0.201 55.35 1690
Valley hours 12h M4 4.72 2 507.15 2980 56.26 4399
Storage pressure of liquid air 0.1 MPa M5 4.72 2 298.15 —0.686 48.68 3676
Storage pressure of liquid hydrogen 0.1 MPa M6 4.72 10 507.75 3022 49.61 6423
Pinch point temperature of heat exchanger 2K M7 4.72 10 298.15  3.748 41.94 5691
Pinch point temperature of cold box 5K M8 4.72 10 86.95 —3166 23.05 8152
LNG inlet temperature 111.15K M9 4.72 0.1 27.75 —3790 27.72 6136
LNG outlet temperature 298.15K M10 4.72 0.1 257.95 —566.2 59.03 25.75
LNG inlet pressure 0.1 MPa H1 3.25 0.1 298.15  —-0.053 61.07 -16.19
LNG outlet pressure 0.1 MPa H2 4.8 0.1 298.15 —0.053 61.07 -16.19
Air inlet temperature 295.15K H3 4.8 0.4 472.15 2473 61.88 2216
Hydrogen inlet temperature 298.15K H4 4.8 0.4 298.15 —0.201 55.35 1690
Pressure drop 0% H5 4.8 2 507.15 2980 56.26 4399
Heat leakage 0% H6 4.8 2 298.15 —0.686 48.68 3676
Isentropic efficiency of compressor 85% H7 4.8 8 472.75 2509 49.5 5941
Isentropic efficiency of turbine 85% H8 4.8 8 298.15  1.658 42.88 5408
Isentropic efficiency of cryo-pump 85% H9 3.64 8 298.15  1.658 42.88 5408
Operating pressure of hydrogen pre-cooling 10 MPa H10 3.64 8 31.15 —4175 4.102 12790
H11 1.16 8 298.15 1.658 42.88 5408
H12 1.16 8 31.15 —4175 4.102 12790
H13 4.8 8 31.15 —4175 4.102 12790
Table 3 H14 4.8 8 27.55 4224 1.96 13380
Thermodynamic parameters of LAES. H15 4.8 0.1 18.65 —4224 5.675 12270
sl romy_to0 vom wwen R Mo 1% o ke wmooaw o 7w
Al 54.28 0.1 298.15  —0.28 5.261 -1.131 H18 1.55 0.1 252,62  —641 58.74 38.35
A2 54.28 0.5 498.35 205.8 5.325 185.9 H19 1.55 0.1 298.15 —0.053 61.07 -16.19
A3 54.28 0.5 298.15 —1.387 4.794 137 H20 3.25 0.1 18.65 —4369 —2.07 14440
A4 54.28 3 527.25 235.1 4.863 352.7
A5 54.28 3 314.73 9.589 4.361 290.4
A6 54.28 3 112.45 —349.2 2.113 588.4
A7 5428 0.1 7905 3492 2302 532.2 Wair = 238 Waire 2
A8 18.95 0.1 79.05 —222.1 3.956 177
A9 18.96 0.1 208.15  —0.276 5.298 ~1.149 where k is time.
AlO 35.33 01 79.05 —417.5 1.414 715.1 The air liquefaction rate is [40]:
All 38.89 0.1 79.05 —417.5 1.414 715.1
Al12 38.89 8 82.65 —406.6 1.453 719.4 Y. :mAIO 3)
Al13 38.89 8 296.15 —-22.17 3.916 369.3 air iat
Al4 38.89 1 175.88 —-127.6 4.028 230.6
AlLS 38.89 1 29815 =277 4.567 194.7 where m is the mass flow, and the subscript represents the node.
Al6 38.89 0.1 173.65 —-123.4 4.698 34.97 e g . .
Al7 38.89 o1 20815  —0.98 5.932 1121 In 24 h, the total amount of air liquefaction is:
Gl 17.37 0.1 111.15 —5137 4.218 956.5
G2 17.37 0.1 208.15  —4258 10.38 -1.811 M =22, maio “)

of LNG, which means that the cold exergy of unliquefied low-
temperature air can be fed back into the next round of air liquefac-
tion, and the liquid air production will increase by more than 21.6%. At
the same time, in the hydrogen liquefaction system, the unliquefied low-
temperature hydrogen can also be fed back into the next round of
liquefaction process, and the cold energy accounts for about 33.45% of
the cold energy provided by the hydrogen pre-cooling system.

4. Modeling
4.1. Energy modeling

Based on the first law of thermodynamics, in the charging process,
the power consumption of air compression is:
hay — hat + has — has

Waire = D Mirc (@)
com

where h is the specific enthalpy of each node, #com is the isentropic ef-
ficiency of the compressor (85%), and ma;r ¢ is the mass flow rate of the
charging process.

In 24 h, the power consumption of compressed air is:

The specific energy consumption of liquid air is:

Wair
SECar=—7 (5)
The cold energy provided by LNG is:
Winvg =22, (hey — hai) mune (6)
The amount of air used in the re-gasification process is:
Myirq = Ma11 tailey )

where ma11 indicates the mass rate of node Al1, and tyaliey is the trough
period (12 h).

In the air discharging process, the cryogenic pump consumes a part
of the electricity and the turbine produces a part of the electricity.
Finally, the net electricity generated is:

hAlZ - hAll

Wairg = <(hAl4 — hais +hate — hais) My — )  Mair a-tualtey (€)]

Neom

where 7, is the isentropic efficiency of the turbine, and its value is 85%.

In general, the round-trip efficiency of liquid air energy storage is
defined as the electric energy generated by the turbine over the electric
energy consumed by the air re-gasification process. The liquid air cold
energy in this paper is mainly used to liquefy hydrogen, so the electricity
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generation is not significant. In this paper, the electricity consumption
saved by the hydrogen liquefaction process is equivalent to the elec-
tricity generation generated by the air re-gasification process. Therefore,
in this paper, the liquid air round-trip efficiency is defined as the sum of
the power generated in the air re-gasification process and the electric
energy saved by liquefied hydrogen, over the electric energy consumed
in the air liquefaction process.

Wair.g + Wx
NiaEs = SEC,,-m 9
where W is the electricity saved by the liquid air cold energy.

The hydrogen pre-cooling system is composed of a three-stage
hydrogen compressor, a hydrogen turbine and multiple heat ex-
changers. Considering that the hydrogen turbine can produce a certain
amount of power compensation, the total power consumption of the
whole pre-cooling system is:

— (hyo — th)"?,m-) * Mine*Lyalley

W — (th — hart + hys — hags + hge — hus
int,c
Neom

10$)
where myy; is the mass flow rate of the hydrogen pre-cooling system.
The electricity consumption of hydrogen compression system is:

huz — hiy + hygs — hya + hyy — hye
Neom

Wiyac = My Fyalley an

The power consumption of the system is:
W=W — Weirg + Wine + Wiyae 12)
The hydrogen liquefaction rate can be calculated by:

Vi = 120 13)
m,

H2
The specific energy consumption of liquid hydrogen is:

SECair'Mair‘d - Wair‘g + ‘/Vim.r + Whyd.c

SEC),q =
yd
M0 'tmlley

(14)

4.2. Exergy modeling

Exergy modeling is based on the first and second laws of thermo-
dynamics, which mainly considers the degree of irreversibility of various
processes in the system. Exergy analysis can accurately evaluate the
perfection of the thermodynamics and the loss of a system. In general,
the exergy of state i can be calculated by (Abd Elbar et al., 2019):

E; =m;-[(hi — ho) — To(si — 50)] i

where m is mass flow rate, h is specific enthalpy, s is specific entropy,
and subscripts i and s represent states and environmental conditions. Ty
is 298.15 K.

The equation of exergy can be expressed as (Park et al., 2020; Qi
et al., 2020):

Ein = E()ul + Ekum (16)

where Ej, and E, represent the exergy of the inlet and outlet.

E,=E, +W, a7)

E.i=E

‘Yout

+ Wou (18

where Eyjn and Exqy¢ represent the exergy flows of the inlet and outlet,
and Wi, and W, represent the electricity of the input and output.

The exergy efficiency of each sub-system, and the overall system can
be calculated as follows (Dorosz et al., 2018):

Eout

Ein (19)

r’(‘.‘((.’ =
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The exergy input and exergy output of each subsystem and the whole
system are shown in Table 5.

5. System analysis and evaluation
5.1. Energy analysis

The selection of reasonable pressure in air liquefaction process is the
key to air liquefaction process. Excessive air pressure will lead to
excessive power consumption of the air compressor. If the air pressure is
too low, the liquefaction temperature will be relatively low, which will
lead to the cold energy of LNG cannot be fully used for air liquefaction
pre-cooling, and eventually the liquefaction rate of air will be low. As
shown in Fig. 4, the air liquefaction temperature increases with the in-
crease of air pressure. Since the process of air from gas to liquid absorbs
a large amount of cold energy while the temperature is almost un-
changed, the air liquefaction temperature is higher than the LNG gasi-
fication temperature, which is conducive to the use of LNG cold energy
for air liquefaction. At 2 MPa, the liquefaction temperature is about
118.45 K. Considering that the pinch-point temperature difference of
cold-box is 5 K, only the cold energy of 111.15 K-113.45 K LNG can be
used for air liquefaction. However, at 113.45 K, LNG only vaporized
52.85%, nearly 50% of LNG vaporized, and the cold energy released
cannot be used for air liquefaction, which indicates that the pressure of
2 MPa is not high enough. Under the pressure of 3 MPa, the air lique-
faction temperature is 127.25 K, and the cold energy below 122.25 K can
be used in the air liquefaction process, and the gas phase ratio of LNG
reaches 86.63%, so the pressure of 3 MPa will be more appropriate.
Therefore, in this study, the air liquefaction pressures 3 MPa, 4 MPa, 5
MPa were selected for the comparative analysis.

The ratio of the LNG mass to the input air mass (myng/mair) has great
influence on the parameters of each node in the air liquefaction system.
Under a certain pressure, the lower the temperature of node A6 is, the
greater the air liquefaction rate will be after passing through controller
TV-1. Due to the influence of the temperature of the cold box pinch
point, when the pressure of node A6 is determined and the myng/Mair
ratio is fixed, the lowest temperature that node A6 can reach will be
determined. Afterwards, the air liquefaction rate and the mass flow rate
of node A10 (ma10) can be determined, as shown in Fig. 5.

According to Fig. 5, the pressure of the air compression system is 5
MPa and the myng/mg;r ratio is 0.12. At a given mass flow rate of LNG,
the highest amount of liquid air is produced, but this ignores the elec-
tricity consumption of compressed air. A low myng/mar ratio leads to a
high temperature of air node A6, resulting in a low liquefaction rate. A
lot of air is compressed but not liquefied, resulting in a large amount of
energy waste. In this work, a performance indicator of specific energy
consumption (SEC) of liquid air is introduced to properly select the
miNG/Mair ratio and air liquefaction pressure, as shown in Fig. 6.

Fig. 6 shows that when the myng/ma;r ratio is lower than 0.32, the
electricity consumption per unit mass of liquid air generation decreases
as the myNg/ma; ratio increases. This is mainly because when the ratio is
small, the air mass flow is large, and the cold capacity of LNG is not
enough to cool the air to a lower temperature, so after the air passing TV-
1, the liquefaction rate is low. Second, when the ratio reaches 0.32, and
continues to increase, the electricity consumption per unit mass of air

Table 5
Input and output of exergy of component.
Component Ein Eout
ACS Wair.c Eas
ALS Eg1+Eas Ealo
ARS Ea11+Wep (Ea12-EA13)+Wairg

HPS Wh,c1+(Ea12-Ea13) Wh,g+(EM9'EM1 0)
HCS Wh,c2+En18+Em Ens

HLS Eng+(Emo-Em10) En1s+En20

WS Wair,c+We-p+Wh,c1+Wh,e2+Eg1 Wairg+Wh,g+En20
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liquefied will be almost unchanged. This is mainly because of the tem-
perature limit of the pinch point of the cold box, even if the mass flow
rate of the air is reduced, the air cannot reach a lower temperature, so
the air liquefaction rate remains almost unchanged. In the case of a
certain myng/m,ir ratio, with the increase of node A4 pressure, the
electricity consumption per unit mass of air liquefied will increase.
Using the intersection of the two optimal regions in Figs. 5 and 6, the
optimal myng/Mmair ratio of 0.32 and pressure of 3 MPa can be selected.
Under this condition, the temperature of node A6 is 112.4 K, the air
liquefaction rate is 64.49%, the mass flow rate of node A10 is 35.33 kg/
s, and the power consumption per unit mass of liquid air is 0.189 kWh/
kg.

In the heat exchanger HE-1, after heat exchange with liquid air (node
MB8), the lower the temperature of the refrigerant is in the hydrogen pre-
cooling system, the lower the temperature (Tyg) can reach after the
expansion of the hydrogen turbine. This consequence can provide lower
temperature cold energy for the hydrogen liquefaction system. Howev-
er, the lower the temperature of node M8 is, the lower the temperature
of node A13 (Ta13) will be, and the cold energy of liquid air cannot fully
enter the air pre-cooling system, resulting in less hydrogen liquefaction.

As shown in Fig. 7, when the temperature of node M8 decreases from
87.15 K to 86.95 K, the temperature of node A13 only slightly changes,
so it is more appropriate for node M8 to adopt a lower temperature of
86.95 K. However, as the temperature of node M8 decreases, the tem-
perature of node A13 decreases greatly, and the liquid air cooling energy
cannot be well utilized. Therefore, it is not appropriate to further reduce
the temperature of node M8, and thus the optimal temperature of node
MBS is 86.95 K. Under this condition, the mass flow rate of node M8 is
4.72 kg/s, and the temperature of node A13 is 296.15 K.

In general, under the same pressure, the lower the temperature is
before hydrogen expansion, the higher the hydrogen liquefaction rate
will be. In order to determine the pressure of hydrogen liquefaction
system, the temperature of node H14 was first selected as 37.15K, 35.15
K, 33.15K, 31.15 K and 29.15 K, respectively, to explore the influence of
different pressures on the hydrogen liquefaction rate. As shown in Fig. 8,
liquefaction rate increases first and then decreases with the increase of
pressure in the range between 3 and 10 MPa. When the temperature of
node H14 is 37.15 K and the pressure of node H14 is 8 MPa, the lique-
faction rate reaches the highest. When the temperature of node H14 is
29.15K and the pressure of node H14 is 4 MPa, the liquefaction rate is
the highest. This means that the pre-expansion temperature ranges from
37.15 K to 29.15 K, and the maximum pressure ranges from 4 MPa to 8
MPa. In order to determine the optimal pressure of hydrogen liquefac-
tion system, 4 MPa, 6 MPa and 8 MPa were selected for case studies in
this paper.
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Fig. 7. Effect of Tyg on myg and Ta3.
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The hydrogen liquefaction rate is not only affected by the node H14
pressure, but also by the temperature. In the hydrogen liquefaction
system, the temperature of high-pressure hydrogen is set to be the same
after the heat exchange and pre-cooling of the heat exchanger HE-2 and
HE-3 (node H10 and node H12). When the temperature of node H10 is
given, the lowest possible temperature that node H14 is also determined,
so that the hydrogen liquefaction rate and hydrogen liquefaction
amount (myyp) can be determined. Fig. 9 shows the relationship be-
tween the amount of hydrogen liquefaction and the temperature (Ty1)
of node H10.

For the LNG-LAES-LH; system, during the LAES process, when the
pressure is 3 MPa and the myng/m,ir ratio is 0.32, the energy con-
sumption of liquid air per unit mass is the lowest, which is 0.189 kWh/
kg. Then the production of 1.4 x 10° kg of liquid air requires 26.46 MWh
of electricity. Considering the electricity consumption of the hydrogen
liquefaction process, the electricity consumption of the entire hydrogen
liquefaction system is shown in Fig. 10.

According to the electric energy consumed by the system in Fig. 10
and the output of liquid hydrogen in Fig. 9, the curve correlating the
specific energy consumption (SEC) of liquid hydrogen and the temper-
ature of node H10 (Ty10) can be plotted, as shown in Fig. 11. It shows
that when the temperature of node A10 is 31.15 K and the pressure is 8
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MPa, the SEC of LH; is the lowest, about 7.87 kWh/kg.

5.2. Exergy analysis

Fig. 12 shows the exergy loss and exergy efficiency of various sub-
systems. The exergy loss of hydrogen pre-cooling system reaches the
maximum of 943.3 GJ, accounting for 32.28% of the total exergy loss.
The exergy efficiency is also the lowest hydrogen pre-cooling system,
59.26%. This is mainly because when the heat generated during the
process of compressing, the refrigerant is not properly utilized.

The exergy flow of the LNG-LAES-LH, system is calculated, as shown
in Fig. 13. The exergy input is 5456.8 GJ, exergy output is 2534.2 GJ,
exergy loss is 2922.6 GJ, and system exergy efficiency is 46.44%. The
exergy of 4,669.2 GJ enters in the form of electrical energy, accounting
for 85.57% of the total input, while the rest of exergy is imported by LNG
cold exergy. 2027.4 GJ outputs in the form of liquid hydrogen, ac-
counting for about 80% of the total output, and the rest outputs in the
form of electrical energy.

The exergy input of LAES is 2077.3 GJ, of which the electrical energy
is 1289.7 GJ, accounting for about 62.09% of LAES input. Exergy in cold
energy and electrical energy are 588.2 GJ and 379.8 GJ, respectively. As
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a result, the LAES has an exergy efficiency of 46.6%.

In this paper, when the air pressure is 3 MPa and the myyg/my;, ratio
is 0.32, the maximum ratio of the electric energy generated by the air re-
gasification process over the electric energy consumed by the air
liquefaction process is 43%. The cold energy of liquid air is used to
prepare liquid hydrogen, which is not used for power generation such as
Rankine cycle. Therefore, the electricity saved by the hydrogen lique-
faction process can be equivalent to the electricity generated by liquid
air. When the liquid air cooling energy is not utilized, the specific energy
consumption of liquid hydrogen is 8.5 kWh/kg (Zhang et al., 2023). In
the system of this paper, the specific energy consumption of liquid
hydrogen is 7.87 kWh/kg, and the electricity consumption reduces by
0.63 kWh per kilogram of liquid hydrogen. Since the ratio of liquid air

Journal of Cleaner Production 423 (2023) 138653

consumption over liquid hydrogen production is 11.97, the proposed
system can save 0.053 kWh/kg of liquid air. Since the liquid air energy
storage process consumes 0.189 kWh/kg, the ratio of the energy saved
per kg of liquid air over the energy consumed by the energy storage
process is 28.0%.

Fig. 14 shows the round-trip efficiency of the system. When the
myNG/Mair is 0.12, the round-trip efficiency gradually increases with the
increase of the ratio. When the ratio is 0.32 and continues to increase,
the round-trip efficiency will remain unchanged. This is mainly because
when the ratio is low, the power generation of liquid air per unit mass
remains unchanged, but the air liquefaction rate is low, and the power
consumption of liquefied air per unit mass is larger. When the ratio is
high, the liquefaction rate will remain constant, and the electricity
consumption per unit mass of liquid air generated will remain, so the
round-trip efficiency will remain almost constant at the ratio of
0.32-0.4. Combined with Fig. 6, during the air liquefaction process, the
specific energy consumption of liquefied air is the lowest when the air
pressure is 3 MPa. Under such conditions, the optimal round-trip effi-
ciency of liquid air is about 71.0%. Correlating to Fig. 6, during the air
liquefaction process, with the mpng/mair ratio 0.32, the energy con-
sumption of air liquefaction reaches the lowest. Considering the liquid
air round-trip efficiency and the best range of specific energy con-
sumption, in this article the myng/maj ratio was set as 0.32, with round-
trip efficiency 71.0% and specific energy consumption 0.189 kWh/kg.

5.3. Case analysis

The natural gas load curve and liquid hydrogen consumption curve
of a typical day are drawn according to the example in literature (Gong
et al,, 2014), as shown in Figs. 15 and 16 (orange, triangle). By
combining LNG cold energy and surplus offshore wind power to produce
liquid air, the output of liquid air will be basically consistent with the
change of natural gas load. Because offshore surplus wind power is more
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at night and less during the day, the ratio of nighttime hydrogen pro-
duction to daytime electrolytic hydrogen production can be set as 3:1.
The hydrogen liquefaction is operated at night, and liquid hydrogen is
prepared by using liquid air cold energy and surplus offshore wind
power. The output of liquid hydrogen is proportional to the consump-
tion of liquid air. In the case study, the air liquefaction process and the
hydrogen liquefaction process operate with the node optimization pa-
rameters obtained in Figs. 4-11 to minimize the specific energy con-
sumption of the air liquefaction process and the hydrogen liquefaction
process.

Fig. 15 shows the amount of liquid air produced and consumed.
During 18:00 in 19:00, the maximum natural gas load rate is 7.6% and
liquid air production was 127.68 tons. The total liquid air production
was 1680 tons in 24 h. Liquid air will be used for the production of liquid
hydrogen at night, with the average consumption of 140 tons per hour,
and the total preparation time of liquid hydrogen is 12 h. The total
consumption of liquefied air is 1680 tons, and the production and con-
sumption have dynamic balance every day.

Fig. 16 shows hydrogen production, liquid hydrogen production, and
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consumption. During the period from 4:00 to 5:00, the highest hydrogen
production is 10.25 tons, and the cumulative hydrogen production
throughout the day is 140.4 tons. The hydrogen produced liquefies at a
rate of 11.7 tons per hour at night. Liquid hydrogen is consumed in the
whole day, with the largest consumption of 7.722 tons from 9:00 to
10:00. In 24 h, the cumulative consumption is 140.4 tons, maintaining
the production of liquid hydrogen with dynamic equilibrium.

Fig. 17 shows the power consumption during the air liquefaction
process, hydrogen liquefaction process and electrolytic hydrogen pro-
duction, as well as the total power consumption. The electricity con-
sumption during the air liquefaction process and the hydrogen
liquefaction process is proportional to the percentage of natural gas load
and the amount of liquid air used. From 18:00 to 19:00, the maximum
power used in the air liquefaction process is 24.02 MW. The electricity
power of hydrogen liquefaction process is 78.59 MW, and the power
generation of air turbine 1, air turbine 2 and hydrogen turbine is 4.101
MW, 4.691 MW and 2.943 MW, respectively. The generated electricity
will compensate the consumption from the hydrogen liquefaction pro-
cess, and the electricity consumption of hydrogen liquefaction process
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Fig. 17. Electric loads during a typical day.
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after compensation is 66.855 MW. Electrolytic hydrogen production was
considered to be 17.39 kg/MWh (Chen et al., 2023), and the power
consumption of electrolytic hydrogen production was calculated. The
total power of the system can be calculated by the electric power during
the air liquefaction process, hydrogen liquefaction process and electro-
lytic hydrogen production process. From 4:00 to 5:00, the electric power
and total electricity for electrolytic hydrogen production reach the
maximum, which are 589.373 MW and 674.2 MW.

In this operation mode, in 24 h, the electrolytic production of 140.4
tons of hydrogen consumes 8.074 GWh. 140 tons of liquefied hydrogen
will vaporize 821.92 tons, and the electricity consumption of liquid
hydrogen liquefaction process is 1.118 GWh, and the total electricity
consumption is 9.192 GWh.

Based on the case study above, by dynamically controlling the liquid
air production/liquefaction, the unstable cold energy from LNG gasifi-
cation can be efficiently stored, which can be used for hydrogen lique-
faction. By using the new scheme of electrolytic hydrogen production
together with liquid air liquefaction, stable hydrogen production can be
powered by unstable off-shore wind energy, which realizes a high
round-trip efficiency and low specific energy consumption. During daily
operation, 24-h liquid air storage can achieve dynamic equilibrium, and
satisfy the energy output requirement of liquid hydrogen, LNG, and
clean electricity, which proves the feasibility and practicality of the
proposed LNG-LAES-LH; scheme.

5.4. General design guideline

Besides Hainan Province, other regions in China and other countries
with the similar characteristics (LNG receiving stations are close to the
off-shore wind farms) can also use wind energy and LNG cold energy to
produce LH,. In 2022, the imported LNG in China reached 63.44 million
tons (General Administration of Customs, People’s Republic of China,
2023), which was mainly received, gasified, and stored by tens of LNG
receiving stations.

There are several candidates of regions where this technology can be
used. For examples, in China, there is a 22 GW off-shore wind farm in
Guangdong Province, with 12 GW in East Guangdong, and 10 GW in
West Guangdong (People’s Government of Guangdong Provincial,
2021). There is a LNG receiving station to be built in 2024, in Yangjiang,
Guangdong Province, which will be close to the 22 GW off-shore wind
farm (Yangjiang City natural resources Bureau high-tech distribution,
2023). There is also a LNG receiving station with annual LNG production
of 6.5 million tons, which is also close to the 22 GW off-shore wind farm
(State-owned Assets Supervision and Administration Commission of
Guangdong Provincial People’s Government, 2022). In Shangdong
province, there is a 10 GW off-shore wind farm, and its capacity will
increase to 35 GW in 2030, where this project will come across 3 major
cities of Weihai, Yantai, and Dongyin (Energy Bureau of Shandong
Province, 2023a,b). The LNG receiving station at Yantai has the
maximum receiving capacity of 5.9 million tons per year, which is also
near the off-shore wind farm (Energy Bureau of Shandong Province,
2023a,b).

The general design procedures of the green LHy production using off-
shore wind energy and LNG cold energy can be summarized as follows:

(1) In HYSYS software, the Peng-Robinson equation is used. The
model of liquid air production using LNG cold energy is built
based on the optimization processes in Figs. 4-6. By using
equations (1)-(6) and the model, the consumptions of electricity
and LNG to produce a unit of liquid air can be obtained.

(2) The amounts of the air being liquefied and the energy con-
sumption can be obtained after the local fluctuations of the nat-
ural gas load are input into the model.

(3) Combining the optimization processes in Figs. 7-11, the model of
LH; production by LNG cold energy is built. By using equations
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(8)-(14) and the model, the consumptions of electricity and
liquid air to produce a unit of LHy can be obtained.

(4) The liquid air produced in step (2) is input into the model in step
(3). By using equation (7) and the model, the consumptions of
electricity and liquid air, as well as the hydrogen being liquefied,
can be obtained. Afterwards, the key parameters such as the LH,
storage capacity, the power ratings of hydrogen compressor 1 and
compressor 2, can be obtained.

(5) The energy consumptions in step (2) and step (4), and the surplus
off-shore wind energy are input into the model. The electricity for
electrolytic hydrogen production can be obtained, and the oper-
ating capacity of electrolytic cells and the storage capacity of
hydrogen tanks can be obtained.

(6) After the model optimizations in step (1) and step (3), the optimal
parameters for each critical node can be obtained. By using
equations (15)-(19), the system specific energy consumption and
the exergy efficiency can be obtained.

5.5. System performance comparisons

The proposed LNG-LAES-LH; scheme has the advantage that it uses
the atmospheric pressure to produce hydrogen, which needs to complete
the pressurization, pre-cooling, and liquefaction processes to reach the
final LH; state. However, for most existing studies regarding the LH,
production using clean power, LNG cold energy and liquid air, they use
relatively high-pressure hydrogen as the input and then convert to the
liquid state. A typical pressure of input hydrogen is 2.1 MPa. Due to
various states of hydrogen near the input, the performance of hydrogen
liquefaction (e.g., specific energy consumption, and exergy efficiency)
cannot be directly compared with the data in this study. Therefore, in
order to evaluate the technical advantages of the proposed LNG-LAES-
LH; scheme, in this section the same input hydrogen pressure as the
literatures is used, and then the model can calculate the final results.

When the 2.1 MPa input hydrogen goes through node H1 in Fig. 3, all
the technological processes are the same as that of 0.1 MPa input
hydrogen, except for the hydrogen compression subsystem. The tech-
nological processes of hydrogen compression subsystem are:

First, the normal-pressure unliquefied hydrogen from the previous
liquefaction cycle at H19 is pressurized to 2.1 MPa via 3-stage
compression, and then at the node H1 (combiner) it merges with the
2.1 MPa input hydrogen in another branch. Finally, the 2.1 MPa
hydrogen at node H2 is further pressurized to 8 MPa for the subsequent
liquefaction process.

Currently several studies show that the specific energy consumption
of LHj can be greatly reduced if the liquefaction process of hydrogen can
use extra cold energy. Generally, the lower temperature of extra cold
energy is used, the less specific energy consumption will be. Table 6 and
Table 7 summarize the typical system performance and results of using
LNG cold energy to assist the production of LH; and liquid air.

The technical strategy of the proposed LNG-LAES-LH, firstly uses the
unstable LNG cold energy to produce liquid air to store stable energy for

Table 6
Comparison with other studies on LH, using LA cold energy.
Publications Cold State of the SEC of HLP EXE of HLP
source hydrogen input (kWh/kgLHy) (%)
Naquash et al. LA 298 K 6.71 35.7%
(2022) 2.1 MPa
Taghavi et al. LA 298 K 5.955 52.9%
(2021) 2.1 MPa
Riaz et al. LA 298 K 8.52 N/A
(2021) 2.1 MPa
Yang et al. LA 298 K 7.25 53.2%
(2023) 2.1 MPa
This paper LA 298 K 5.04 55.56%
2.1 MPa
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Table 7
Comparison with other studies on LH, using LNG cold energy.
Publications Cold State of the SEC of HLP EXE of
source hydrogen input (kWh/kgLH) HLP (%)
Riaz et al. LNG 298 K 7.64 42.25%
(2021) 2.1 MPa
Yang et al. LNG 300K 11.05 N/A
(2019) 2 MPa
Bae et al. (2021) LNG 300K 10.26 N/A
2 MPa
Faramarzi et al. LNG 300K 8.85 47%
(2021) 2 MPa
This paper LNG 298 K 7.31 49.34%
2.1 MPa

re-utilization, and then uses the valley electricity from off-shore wind
farm and the cold energy from liquid air to produce LHy. Results show
that using the liquid air cold energy to liquefy LH; leads to a specific
energy consumption 5.04 kWh/kg and exergy efficiency 55.56%, while
using the LNG cold energy to liquefy LH; leads to a specific energy
consumption 7.31 kWh/kg and exergy efficiency 49.34%. Tables 6 and 7
clearly prove that our proposed system has the technical merits of low
energy consumption and high exergy efficiency.

The reasons for the lower specific energy consumption and higher
exergy efficiency of the system put forward in this paper are as follows.

(1) The low temperature cold energy of LNG is introduced to reduce
the air liquefaction pressure to a smaller value, e.g., 3-5 MPa,
effectively reducing the electricity consumption of air
compression.

Considering the utilization rate of LNG cold energy and the range
of air pre-cooling temperature, this paper optimally matched the
proportion of LNG and air mass (myng/Mair), €.8., 0.32. On the
one hand, the rational utilization of LNG cold energy was maxi-
mized, and on the other hand, the specific energy consumption
reduction of liquid air was effectively reduced, e.g., 189 kWh/kg.

(2)

(3) By introducing the expansion link of hydrogen turbine, on the one

hand, the refrigerant in the hydrogen pre-cooling system can

generate certain electric energy, and on the other hand, the
refrigerant can be reduced from 86.95 K to 27.75 K, providing
cold energy at lower temperature for node H9.

The unliquefied low-temperature hydrogen gas adopts a two-

stage heat transfer mode. By adjusting the pinch point tempera-

ture area of the original single-stage heat exchanger, the tem-
perature of node H14 is effectively reduced.

(5) After (3) and (4), the hydrogen liquefaction rate can be improved
effectively, the amount of hydrogen for repeated compression can
be reduced, and then the electricity consumption of compression
system and the specific energy consumption of LHs can be
reduced.

(C))

6. Economic analysis and benefit prediction
6.1. Economic model

In this paper, the net present value and investment payback period
are two main indicators for analysis. The net present value is the dif-
ference between the present value of future capital inflows and the
present value of future capital outflows. Considering the cumulative
value over many years, the specific calculation is (Chen et al., 2023):

PX
NPV =3 == Cy

(e (20)

where j is the discount rate, whose value is 5%, and n is the production
time. Cj; is the initial investment and Py is the profit in year x, which can
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be calculated:

Cii=Cgc+ Cc + Cep + Cup + Cer + Crap

+Cprar + Crur + Cap 21

Py=Pyi — Prou (22)
where Cgc, Cc, Cca, Cug, Cct, Crap, Crat, Crut and Cap are electrolytic
cell, compressor, cold box, heat exchanger, cryogenic turbine, liquid air
pump, liquid air tank, liquid hydrogen tank and gas hydrogen tank. Py i,
and Py oy are the revenue of year j and the operation and maintenance

cost of year j, which can be calculated:

Proue =Dgc + Duc + Dorc + Dyrc + Di (23)

Py in =Moo * tyattey * Pra, (24)
where mysg is the mass flow rate of node H20 and Piy> is the selling
price of liquid hydrogen. D is expenditure, Dgc, Dvc, Dorc, Dmic and Dy
are electricity, maintenance, operation labor, maintenance labor and
insurance.

The dynamic payback period is the total time required for the net
operating cash flow of an investment project to pay off the original total
investment. It takes account the time cost and interest. It can be calcu-
lated by (Chen et al., 2023):

SDPP P,

= . n:Cii
)

(25)

6.2. Hydrogen production model and economic parameters

If all the hydrogen is produced by valley electricity, this hydrogen
production model will not require hydrogen storage tanks, and the
hydrogen generated by electrolysis will be transported directly through
pipelines to the hydrogen compression system and then will be liquefied.
Considering the high cost of the electrolytic cell and its high electricity
cost, the initial investment will be high. Therefore, this paper carries out
the economic analysis on hydrogen production using 3 modes:

1) Mode 1: 100% hydrogen production is by valley electricity.

2) Mode 2: 25% hydrogen production is by peak electricity, and 75%
hydrogen production is by valley electricity.

3) Mode 3: 50% hydrogen production is by peak electricity, and 50%
hydrogen production is by valley electricity.

To efficiently reduce the capacity of electrolytic cells and the in-
vestment cost, the ratios of peak electricity and valley electricity are set
50% and 50% to produce hydrogen, but this strategy increase the
operating cost. in order to balance the investment cost and operating
cost, the ratios of peak electricity and valley electricity can also be set
25% and 75%, and the corresponding economic analysis and future
estimation are carried out. the mode 1 and mode 3 are two extreme
cases, and they can be modified by the prices of peak electricity, valley
electricity, electrolytic cells, and hydrogen storage tanks in various
practical applications.

The initial investment of the three hydrogen production modes is the
same except for the initial investment of the electrolytic cell and the
hydrogen storage tank. The three modes of hydrogen production, elec-
trolytic cell and hydrogen storage tank capacity are shown in Table 8.

Table 8
Capacity of equipment for three hydrogen production modes.
Mode 1 Mode 2 Mode 3
Schemes 100% VE 75% VE+-25% PE 50% VE+50 PE
PEMEC 678.2 MW 508.7 MW 339.1 MW
GHT ot 351t 70.2t
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The main economic parameters of the initial investment are shown in
Table 9. The initial investment costs of the electrolytic cell under the
three modes are 899.3, 674.5, 449.6 M$, respectively. The initial in-
vestments of the hydrogen storage tank are 0, 54 and 108 M$, respec-
tively. The total initial investments are 923.1 M$, 752.2 M$ and 581.1 M
$, respectively.

The economic parameters and operating costs are shown in Table 10.
The hydrogen in mode 1 comes from valley power, so its electricity cost
is the lowest. The price of peak power and valley power is calculated at
0.07 $/kWh and 0.04 $/kWh, respectively. The total electricity costs of
the three modes of hydrogen production and the liquefaction process are
136.5 M$, 158.6 M$ and 181 M$, respectively. The maintenance costs
are 42.5 M$, 34.6 M$ and 26.7 M$, respectively. The annual operating
costs are 179 M$, 193.2 M$ and 207.7 M$, respectively.

From the analysis of initial investment and operating costs, the cu-
mulative net present values of the three hydrogen production modes are
shown in Fig. 18. Fig. 19 is a comparison of the initial investment, cu-
mulative net present value and dynamic payback period of these three
modes. Compared with mode 1, the initial investment, the NPV and DPP
in mode 2 are 18.5%, 3.5% and 7.2% lower. Compared with mode 2,
these three indicators of mode 3 are 22.7%, 4.7% and 10.8% lower. It
can be seen that when the initial investment significantly reduces, the
DPP and NPV are not reduced much. Therefore, the mode 3 is more
economical.

6.3. Prediction of future economic

In this paper, the initial investment of electrolytic cell is large, but
the cost of electrolytic cell will reduce with the maturity of technology in
the future. At the same time, with the development of hydrogen pro-
duction technology, the price of liquid hydrogen will also decrease,
which is expected to be reduced to $4/kg in 2050 (Di Micco et al., 2021).
The design price will show a linear decline. As a result, the economical
status of hydrogen production and liquefaction from offshore wind
power will also change.

The relationship between the cost (Cgc,;, $/kW) of the electrolytic
cell and the time (Xgc, year) can be expressed as (Fusaro et al., 2020):

Cic, = 1.055 % (2.2998¢ + 60) ¢ *-06534xzc: @27

The initial investment cost of the electrolytic cell and the selling
price of liquid hydrogen are shown in Fig. 20. In 2035, the price of the
electrolytic cell is 464.4 $/kW and the selling price of liquid hydrogen is
4.75 $/kg. The initial investment cost of the electrolytic cell in 2050 is
174.3 $/kW, and the liquid hydrogen is sold at 4 $/kg.

Fig. 21 analyzes the initial investment of three modes of electrolytic
hydrogen production. It can be found that the initial investment of the
three operating modes decreases with time, and the initial investment of
mode 1 decreases most significant. Around 2040, the initial investments
of the three models are relatively close, at 251 M$, 248.2 M$ and 245.4
MS$, respectively. Mode 3 has the smallest initial investment before
2040, and mode 1 has the smallest initial investment after 2040. This is

Table 9
Parameters of the initial investment.
Publications Equipment Cost model Value (M$)
Fusaro et al., 2020 PEMEC 1326 $/kW 899.3/674.5/449.6
Couper et al. (2009) Compressor 7900(W)0‘62 $ 10.08
Cold b A 0.38
Smith (2005) ol box 32800(g)™* §
Heat exch; A 0.13
Akikur et al. (2014) eat exchianger 130(@)0'78 $
Cryo-turbine 1100(W)0-81 $ 2.18
Wu et al. (2020)
Park et al. (2021) LAP 483 $/kW 0.17
Gao et al. (2021) LAT 320 $/m3 0.59
Reddi et al., 2017 LHT 73 $/kg 10.25
Chen et al. (2021) GHT 1538 $/kg 0/54/108
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Table 10
Parameters of economic and operating cost.
Publications Economic assumptions and cost Value
parameters
Plant operating life 20 years
Haacker et al. Discount rate 5%
(2020)
Luo et al. (2020) Peak power 0.07 $/kWh
Luo et al. (2020) Valley power 0.04 $/kWh

Davison (2009)
Ma et al. (2015)

Maintenance cost
Operating labor cost

2% of TCI ($/a)
0.8% of TCI

($/2)
Ma et al. (2015) Maintenance labor cost 0.8% of TCI
($/2)
Ma et al. (2015) Insurance 1% of TCI ($/a)
Lee et al. (2021) LH, 5.5 $/kg
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Fig. 19. Contrast of TCL, NPV and DPP with three modes.

mainly because when the price of the electrolytic cell drops, the price of
the hydrogen tank has more impact on the initial investment of the
system, and mode 1 does not require the use of hydrogen tanks.
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Fig. 21. Prediction of total capital investments.

As shown in Fig. 22, the net present value of mode 1 and mode 2 first
increases and then decreases, while the net present value of mode 3
gradually decreases. Mode 1 reaches its maximum (856.2 M$) in 2035,
and mode 2 reaches its maximum (628.1 M$) in 2030. Since 50% of the
hydrogen in mode 3 comes from peak electricity, its operating cost is
high. If the price of liquid hydrogen is low and this mode is still adopted,
it will not be economical. Even if this mode is adopted in 2050, the
cumulative net present value is only 7.9 M$.

From Figs. 21 and 22, it can be found that in 2025, there is not much
difference of the value (NPV-TCI) for all these 3 modes. When TCI in-
creases, NPV cannot significantly increase. With the time going forward,
the difference of NPV between the three modes will gradually increase,
and the difference of TCI will also gradually decrease, and thus mode 2
and mode 3 will be more economical. In 2030, mode 2 and mode 3 are
better than mode 1, and mode 2 can be chosen for higher NPV while
mode 3 can be chosen for lower initial investment. In 2040, when the
initial investment difference is not large, the NPV of mode 1 is much
higher than that of mode 2 and mode 3. Therefore, from 2040, mode 1
will be more economically advantageous.
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7. Conclusion

This paper proposes a novel scheme which uses surplus offshore
wind power to produce hydrogen, and makes good use of LNG cold
energy and liquid air technology to properly liquefy and store hydrogen.
As a bridge between LNG and LHy, liquid air can modify the fluctuation
of natural gas load, and also provide stable cold energy for LH,. Taking
Hainan offshore wind power and Hainan LNG receiving station as the
research objects, a new scheme of 100 MW hydrogen production and
liquefication has been designed, and the system process has been opti-
mized and evaluated. Finally, the hydrogen gas is able to be liquefied
with the optimal liquefaction process. In addition, considering three
electrolytic hydrogen production modes, the economic feasibility of the
new scheme is verified using dynamic economic modeling. The
following conclusions can be drawn:

(1) By optimizing the key node parameters of the system, the optimal
pressure of LAES is 3 MPa and myyg/Majr is 0.32 in the 100 MW
case study. The round-trip efficiency of liquid air is 71.0%, the
exergy efficiency is 62.11%, and the specific energy consumption
is 0.189 kWh/kg.

(2) When the heat exchange temperature from liquid air is 86.95 K,

the hydrogen liquefaction pressure is 8 MPa and the temperature

is 31.15 K, the specific energy consumption of liquid hydrogen is
the smallest. If the input hydrogen pressure is 0.1 MPa, the spe-
cific energy consumption of the liquid hydrogen is 7.87 kWh/kg,

and the exergy efficiency of the whole system is 46.44%.

The economic analysis of three hydrogen production modes has

been carried out. In 2025, it can be concluded that the mode 3

producing 50% hydrogen by peak electricity is more economical

than that by valley electricity only (mode 1). In 2030, the mode 3

and the mode 2 producing 25% hydrogen by peak electricity will

be more economical. In 2035, the mode 2 and mode 1 will be
cheaper than mode 3. After 2040, the economic benefits of mode

1 will be the highest among three modes.
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